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Reversible ubiquitination of activated receptor complexes
signals their sorting between recycling and degradation and
thereby dictates receptor fate. The deubiquitinating enzyme
ubiquitin-specific protease 8 (USP8/UBPy) has been previously
implicated in the regulation of the epidermal growth factor
receptor (EGFR); however, the molecular mechanisms govern-
ing its recruitment and activity in this context remain unclear.
Herein, we investigate the role of USP8 in countering ligand-
induced ubiquitination and down-regulation of EGFR and char-
acterize a subset of protein-protein interaction determinants
critical for this function. USP8 depletion accelerates receptor
turnover, whereas loss of hepatocyte growth factor-regulated
substrate (Hrs) rescues this phenotype, indicating that USP8
protects EGFR from degradation via an Hrs-dependent path-
way. Catalytic inactivation of USP8 incurs EGFR hyperubiquiti-
nation and promotes receptor localization to endosomes
marked by high ubiquitin content. These phenotypes require
the central region of USP8, containing three extended Arg-X-X-
Lys (RXXK) motifs that specify direct low affinity interactions
with the SH3 domain(s) of ESCRT-0 proteins, STAM1/2. The
USP8:STAM complex critically impinges on receptor ubiq-
uitination status and modulates ubiquitin dynamics on
EGFR-positive endosomes. Consequently, USP8-mediated
deubiquitination slows progression of EGFR past the early-
to-recycling endosome circuit in a manner dependent upon the
RXXK motifs. Collectively, these findings demonstrate a role for
the USP8:STAM complex as a protective mechanism regulating
early endosomal sorting of EGFR between pathways destined for
lysosomal degradation and recycling.

Endocytosis of growth factor receptors in response to li-
gand engagement mediates signal attenuation through selec-
tive targeting of activated receptor complexes for lysosomal
proteolysis (1). Reversible ubiquitination, orchestrated by
the opposition of ubiquitin ligases and deubiquitinating
enzymes (DUBs)? (2), specifies sorting of endocytosed cargo
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(3, 4), with mono-ubiquitination and lysine 63-linked polyubiq-
uitination extensively documented to promote trafficking of
EGER to the preproteolytic multivesicular body (MVB) com-
partment (5-7). Four functionally distinct endosomal sorting
complexes required for transport (ESCRTs 0, L, IT and III) are
known to be involved in the coordinated selection, commit-
ment, and delivery of ubiquitinated cargo for lysosomal degra-
dation (8). The ESCRT-0 complex, consisting of adaptor pro-
teins hepatocyte growth factor-regulated substrate (Hrs) and
signal transducing adaptor molecule (STAM) (9), partitions
cargo arriving at the sorting endosome between recycling and
progression to the MVB (10 -13) and, thus, constitutes a critical
regulatory checkpoint in the determination of receptor fate.

Complexity and selectivity of receptor trafficking is modu-
lated by reversible ubiquitination of receptors as well as com-
ponents of endocytic sorting machinery (8, 14—16). Increasing
evidence suggests that ubiquitin ligases and DUBs associate
with the ESCRT proteins to modulate trafficking outcomes.
Specifically, the yeast ESCRT-0 complex, composed of the Hrs
and STAM orthologs Vps27 and Hsel, respectively, interacts
with the ligase Rsp5 and the DUBs Ubp2 and Ubp7 to allow
cargo sorting into the MVB (17). Similarly, deficiencies in Hrs
and STAM proteins impair EGFR trafficking and degradation
and lead to gross endocytic swelling, characteristic of defects in
cargo progression (11). A high degree of structural conserva-
tion between the yeast and human ESCRT-0 complexes (18)
implies functional and regulatory similarities. In support of this
notion, the mammalian STAM1/2 proteins have been shown to
interact in vitro with two DUBs: USP8 and the associated mol-
ecule with the SH3 domain of STAM (AMSH) (19-22).

An essential growth-regulated enzyme, USPS, is indispen-
sable to cellular proliferation and survival (23, 24). Analysis
of a conditional USP8 mouse knock-out has revealed a dras-
tic loss of growth factor receptors, including the EGFR, its
family member, Erb-B3, and c-Met (24). These phenotypes are
further accompanied by accumulation of ubiquitinated species
at the early-to-late endosome transition as well as endosomal
swelling akin to inhibition of Hrs (25). Consistent with these
findings, USP8 inactivation leads to enhanced ubiquitination of
EGEFR in response to ligand-induced activation (26, 27), and
USP8 phosphorylation on serine 680 during M-phase results in
14-3-3 binding and reduced receptor deubiquitination (28).
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Collectively, published evidence demonstrates a requirement
for USP8 in EGFR stabilization against lysosomal turnover and
implicates USP8 as a positive regulator of the early sorting
machinery (24, 29) indispensible for receptor trafficking. Be-
cause trafficking of EGFR for degradation proceeds through
an Hrs-dependent pathway (11, 30, 31), recruitment of USP8
to the ESCRT-0 complex may critically impinge on early
sorting events and, thus, influence receptor fate. Despite
recent progress, the molecular determinants responsible for
targeting USP8 activity to these proteins in vivo remain poorly
understood.

Although a number of protein-protein interaction domains
and motifs in USP8 have been identified, their contributions
to the regulation of EGFR are unclear. The N-terminal
domain of unknown function (DUF) 1873 of USP8 report-
edly constitutes a structurally atypical low homology micro-
tubule interacting and transport (MIT) domain (32, 33), which
has been shown to interact in vitro with the CHMP-1A/B pro-
tein components of the late endosomal sorting complex,
ESCRT-III. Consistent with this characterization, cellular dis-
tribution of USP8 has been reported to straddle the endosomal
continuum between the early and late extremes (27, 34, 35), and
USPS8 activity has previously been implicated at the late endo-
some stage (35). Nevertheless, consequences of such an associ-
ation between USP8 and the ESCRT-III complex with regard to
EGFR ubiquitination (the determinate signal in receptor traf-
ficking known to be directly modulated by USP8) have not been
addressed. In addition, the rhodanese-like domain (Rhod) of
USP8 is known to bind the E3 ligase, Nrdpl, and in so doing
indirectly influences the degradation of Erb-B3 (33, 36, 37). A
truncation of USP8 containing both MIT and Rhod has been
shown to interact with activated EGFR complexes (26); how-
ever, the extent to which these domains participate in the
regulation of EGFR ubiquitination and trafficking by USP8 is
unclear.

In a mammalian library screen of binding targets for non-
canonical SH3 domains found in proteins belonging to the
STAM and Grb2 families, two consensus PX(V/I)(D/N)RXXKP
(RXXK) motifs of USP8 have previously been identified (19).
Although the existence of a functional relationship between
USP8 and the ESCRT-0 proteins has been hypothesized on that
basis (24, 25, 29), no direct link between receptor endocytosis
and the RXXK-mediated recruitment of USP8 to STAM has
been described. To evaluate this premise, the present study ()
characterizes the USP8 sequence determinants necessary and
sufficient to support an interaction with the SH3 domains of
STAM1/2 and (b) explores the role of the USP8-STAM complex
in mitigating EGFR ubiquitination and downstream trafficking
events. We find that USP8 depletion accelerates ligand-induced
degradation of EGFER through a pathway regulated by Hrs and
describe three low affinity RXXK motifs responsible for the
interaction with the Hrs partner, STAM. The USP8-STAM
complex impinges upon the ESCRT-0 ubiquitination status and
modulates ubiquitin dynamics on EGFR-positive endosomes.
Furthermore, mutational analysis reveals that USP8 acts to
constrain EGFR ubiquitination in a manner dependent upon
the RXXK motifs of USP8, with no contribution to this function
observed for the MIT domain. Finally, we demonstrate a role
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for the RXXK-mediated interactions in receptor trafficking
downstream of the ubiquitination event opposed by USP8 ac-
tivity. Our results, therefore, illustrate a functional cooperation
between USP8 and ESCRT-0 proteins in the regulation of
dynamic ubiquitin-dependent events in growth factor receptor
endocytosis.

MATERIALS AND METHODS

Mammalian Expression Constructs and Recombinant Pro-
tein Expression—Mammalian expression constructs of murine
USP8 (BC50947), ubiquitin, STAM1 (BC044666), STAM?2
(BC013818), and Gads (BC052496) were cloned by PCR into
the pcDNA3.1 (+) vector system (Invitrogen) at BamHI/EcoRI.
N-terminal FLAG, Myc, or HA epitope tags were inserted at
the BamHI restriction site using annealed primer pairs or
introduced at the 5" end of forward PCR primers. For the
BiFC assay, USP8 and mutants were cloned by PCR into
pBiFC-VN173-FLAG vector at Notl/EcoRI, and murine STAM1,
STAM?2, and Grb2 (BC052377) were cloned into pBiFC-
VC155-HA vector at EcoRI/Xhol. HA-CXCR4 construct in
pcDNA3.1 (38) and BiFC expression vectors have been previ-
ously described (39). Site-directed mutagenesis of USP8 to gen-
erate the C748A and R3K mutants (R409K, R438K, and R704K)
as well as the SH3 domain mutants of STAM1-WA (W287A),
STAM2-EEAA (E217A, E220A), and Gads-WA (W300A) was
performed using QuikChange PCR (Stratagene). All PCR prim-
ers were purchased from Integrated DNA Technologies. The
GST fusion SH3 domain constructs as well as fragments of
USP8 and Slp76 (BC016618) containing the RXXK motifs were
generated by PCR cloning into pGEX-2TK (Invitrogen) vector
system at BamHI/EcoRI. Expression and purification of GST
fusion proteins were carried out as previously described (19).

Cell Lines, Transfection, and siRNA—HeLa cells were used
for all experiments requiring cell cultures in this study. Cells
were grown in DMEM (CellGrow) and supplemented with 10%
FBS (Sigma). All transfections were performed using Lipo-
fectamine 2000 (Invitrogen). Transient knockdown was ac-
complished either through direct transfection of siRNA oligo-
nucleotides or expression of pSilencer vectors to generate
siRNA. Ambion oligonucleotide 105117 targeted against USP8
(siUSP8) and Silencer Negative Control #1 were obtained from
Applied Biosystems. pSilencer vector and negative control were
purchased from Ambion. A previously reported sequence (27)
coding an anti-USP8 siRNA was custom-synthesized by Inte-
grated DNA Technologies and cloned into the pSilencer vector
according to the manufacturer’s instructions. Two previously
published siRNA sequences targeting human Hrs were used;
siHrs-2 (38) was custom synthesized by Applied Biosystems,
and results were verified using siHrs-1 sequence purchased
from Dharmacon (31).

Western Blotting and Antibodies—The following primary
mouse monoclonal antibodies were used for Western blotting
and immunofluorescence (IF): anti-B-actin and anti-FLAG
3165 (Sigma), anti-CD63 (Developmental Studies Hybridoma
Bank, The University of Iowa), anti-EGFR F4 (Santa Cruz),
anti-HA (Covance), anti-Myc and anti-phosphotyrosine (CST
or Santa Cruz), and anti-transferrin receptor (Invitrogen). The
following primary rabbit polyclonal antibodies were used: anti-
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EGEFR (Upstate), anti-FLAG (Stratagene), anti-HA (Sigma), and
anti-STAM1 (Calbiochem or Santa Cruz). Rabbit USP8 and
Hrs antisera were generated against GST fusion proteins of
murine USP8 corresponding to amino acid residues 1-184
(anti-USP8*), amino acid residues 393—432 (anti-hUSP8), and
murine Hrs (BC003239) amino acid residues 216 —-289. Poly-
clonal goat anti-GST was purchased from Amersham Bio-
sciences. Goat secondary antibodies anti-mouse AlexaFluor-
800 and anti-rabbit-AlexaFluor-680 for Western blotting were
purchased from LI-COR. Goat secondary antibody anti-rab-
bit and anti-mouse AlexaFluor-488/568/647 conjugates for
IF were purchased from Molecular Probes. All Western blots
were visualized with LI-COR Odyssey infrared imager, and
band intensities were quantified using Odyssey 3.0 software.
Final image processing was performed in Adobe Photoshop
CS3 and was limited to brightness enhancement and crop-
ping. All graphical representations were generated using
DeltaGraph7.5.5 software.

Degradation Assays—To measure the rate of EGFR degrada-
tion, cells were transfected with either control or anti-USP8
siRNA oligonucleotides at a final concentration of 50 nm or
pSilencer vectors containing either a control insert sequence
(Ambion) or an insert targeting human USP8 (27). After trans-
fection, cells were grown for 48 h, serum-starved in DMEM
supplemented with 0.1% FBS, and treated in the presence of 2.5
ng/ml EGF for the specified length of time, and changes in the
total cellular EGFR observed throughout the treatment time
course were assessed by Western blot against the endogenous
receptor. Degradation plots were generated by fitting EGFR
abundance measured at each treatment time point relative to
unstimulated cells to: EGFR ;.. = EGFRg, e * + EGFR,,, ;.
(EGFR,.1a1iver EGFR abundance relative to £, (time = 0 min);
EGFRy,, 82% of total cellular EGFR (amount of receptor deter-
mined to be susceptible to EGF-mediated degradation); R, rate
constant; ¢, time of stimulation with EGF; EGFR,.,,., 18% of
total cellular EGFR (amount of receptor determined to be unaf-
fected by degradation in response to EGF)). In experiments
combining USP8 and Hrs knockdown, cells were transfected
with 50 nm total concentration of oligonucleotides and treated
as above. Receptor turnover was reported as % of receptor
degraded during the time of treatment relative to £ = 0 min.

Ubiquitination Assays—HeLa cells were seeded at 7.5 X 10°
per 60-mm tissue culture plate and allowed to adhere over-
night. Cells were co-transfected with 1 ug of HA-ubiquitin and
2 ng of other DNA or 50 nMm siRNA as specified. For EGFR
ubiquitination analysis, 24-h post-transfection cells were se-
rum-starved for 4 h and treated with 2.5 (with USP8 depletion)
or 10 ng/ml (with USP8-STAM overexpression) EGF (Roche
Applied Science) as indicated for 5 or 10 min at 37 °C. After
treatment, cells were washed with ice-cold PBS and lysed on ice
in 300 ul of lysis buffer (50 mm Tris-HCI, pH 7.5, 150 mm NaCl,
0.5% Triton X-100, 10 mMm NaF, 1 mm Naz;VO,, 1 mm PMSF,
protease inhibitors mixture (Roche Applied Science)). Lysates
were clarified at 10,000 rpm at 4 °C and incubated with 150 ul of
TBS containing 0.1% Tween (TBST), 3 ug of anti-EGFR 528
antibody (Santa Cruz), and ProteinG beads (Roche Applied Sci-
ence) rotating at 4 °C overnight. Beads were then washed 3X
with 0.75 ml of ice-cold TBST and eluted in 2XS DS gel loading
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buffer supplemented with 200 mm dithiothreitol (DTT). Sam-
ples were subjected to 8% SDS-PAGE and transferred onto
nitrocellulose membranes, and ubiquitination was assayed by
Western blot against HA-ubiquitin.

Immunofluorescence Microscopy—For co-localization of
EGEFR with intracellular ubiquitin as a function of USP8 activity
(see Fig. 2D), HeLa cells were seeded at 2.5-3 X 10° per well
onto polylysine-coated glass coverslips (Corning) in 6-well tis-
sue culture plates and allowed to adhere overnight. Cells were
transfected with USP8 or mutant DNA and HA-ubiquitin at 5:1
to ensure that cells overexpressing tagged ubiquitin also ex-
pressed exogenous USP8 protein. 8 h after transfection cells
were briefly serum-starved (1 h) and treated in the presence of
10 ng/ml EGF for 10 min, fixed and permeabilized in 1:1 meth-
anol:acetone solution for 20 min at —20°C, and immuno-
stained against HA-ubiquitin and endogenous EGFR (Upstate
Biotechnology).

For IF using CFP overexpression, cells were seeded as above
and transfected with CFP alone, USP8-CFP, or mutant for 24 h,
briefly serum-starved, and treated in the presence of 10 ng/ml
EGF for 10 min. Cells were fixed in 4% paraformaldehyde in
PBS for 10—15 min at room temperature and stored at 4 °C
before staining. Permeabilization with 0.1% Triton X-100 in
PBS for 10—-15 min was performed immediately before immu-
nostaining. All immunostaining, except for anti-CD63 was car-
ried out in 5% milk in PBS according to standard protocols.
Coverslips were mounted onto glass slides using ProLong Gold
antifade mounting media (Invitrogen). For immunostaining
with anti-CD63, permeabilization and antibody incubations of
cells fixed with paraformaldehyde were carried out in 3% BSA,
PBS containing 0.05% saponin.

Samples were imaged on a Leica SP5-2photon confocal
microscope using 100X oil objective with 3X digital zoom.
Images were collected and analyzed with LASAF software, and
final processing was performed using ImageJ64. To enable
direct comparison, all images within a given experiment were
taken under the same magnification and laser intensity settings.
10-15 cells were imaged for each sample per experiment, and
data from at least two independent experiments were used for
quantification of phenotypes. Colocalization was quantified
using the JACoP plugin for Image]64, with 5-10 representative
cells used from at least 2 independent experiments. Back-
ground corrections were specified manually in Image]64 before
running JACoP analysis, with similar adjustments applied
across all images per channel per experiment. For colocaliza-
tion reported as % of channel A overlapping channel B (labeled
A:B), overlap was quantified using Mander’s coefficients calcu-
lated on the basis of automated threshold settings, with 0 and 1
corresponding to no colocalization and complete colocaliza-
tion, respectively. For colocalization reported in the form of a
coefficient (r), overlap was quantified using JACoP coefficients
k1 and k2, where r* = k1k2.

Bimolecular Fluorescence Complementation (BiFC)—BiFC
was used in combination with conventional IF microscopy (see
above) to characterize complex formation between USP8 and
atypical SH3 domain containing adaptor proteins in HeLa cells.
Cells were seeded at 2.5-3 X 10° per well onto polylysine-
coated glass coverslips (Corning) in 6-well tissue culture plates
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and allowed to adhere overnight. Cells were co-transfected with
1.0 pg of VN-FLAG-USP8 or mutant and 0.5 ug of VC-HA-
STAM1/STAM2/Grb2 with 0.25 ug of Myc-ubiquitin if appli-
cable. Cells were incubated to allow adequate development of
venus fluorescent protein (VFP) fluorescence (7.5-9 h), fixed in
4% paraformaldehyde, and immunostained as indicated (for
detailed IF protocols see above).

Co-immunoprecipitation—For co-immunoprecipitation of
USP8 with STAM1, HeLa cells co-transfected with USP8 or
mutant and FLAG-STAMI or mutant in 60-mm plates were
lysed in 400 wl of co-immunoprecipitation buffer (20 mm Tris-
HCI, pH 7.4, 150 mMm NaCl, 5 mm EDTA, 1% Triton X-100, 5%
glycerol, 10 mm NaF, 1 mm Na,;VO,, protease inhibitor mixture,
1 mm PMSF) on ice, and lysates were clarified at 8000 rpm at
4 °C.FLAG-tagged material was immunoprecipitated with 3 ug
of anti-FLAG antibody on ProteinG beads, rotating at 4 °C
overnight. After incubation, samples were washed 5X in co-
immunoprecipitation buffer, eluted with the addition of 2X
SDS gel loading buffer containing 200 mm DT'T, and analyzed
by Western blot as indicated.

Peptide Synthesis and Fluorescence Polarization—High
density peptide arrays were synthesized by semi-automated
SPOT synthesis on an Intavis Multispot as previously
described (40). USP8 peptides FI-KNVPQVDRTKKPA, Fl-
SGKVLSDRSTKPV, and FI-TVIPMVNRENKPT were syn-
thesized at the 0.25-mmol scale using Fmoc (N-(9-fluorenyl)-
methoxycarbonyl) solid phase synthesis. Fluorescein-labeled
probes were prepared through the reaction of C-terminal pep-
tides with 5-(and-6)-carboxyfluorescein succinimidyl ester
(Molecular Probes), purified by reverse-phase HPLC, and
confirmed by mass spectrometry. The Slp-76 peptide (Fl-
APSIDRSTKPA) was previously reported (19). Equilibrium dis-
sociation constants (K,) were determined by fluorescence
polarization on a Beacon 2000 fluorescence polarization system
(Invitrogen). Binding studies were conducted with 5 nm fluo-
rescein-labeled peptides dissolved in PBS containing 100 ug/ml
BSA and 1 mMm DTT. Reaction mixtures were allowed to equil-
ibrate for 10 min at room temperature before each measure-
ment. All fluorescence polarization measurements were con-
ducted at 22°C. Data fitting and dissociation constant
determination was carried out as previously described (19).

RESULTS

USP8 Depletion Accelerates EGFR Turnover through an Hrs-
dependent Pathway—The role of USP8 in the regulation of
EGFR ubiquitination and stability has been scrutinized in a
number of recent studies. The current consensus in the litera-
ture indicates that USP8 functions to protect EGFR from
ligand-induced down-regulation by virtue of direct deubiquiti-
nation of activated receptors (24, 27, 41). To address the mech-
anisms of USP8 action in this context, we examined the conse-
quences of USP8 depletion on EGFR turnover in response to
low concentrations (2.5 ng/ml) of stimulating ligand, EGF.
Under these conditions, EGER is expected to undergo canoni-
cal clathrin-mediated endocytosis with robust access to recy-
cling as well as degradation (42). Consistent with previous
reports, comparison of control cells and those transiently de-
pleted of USP8 revealed an increase in the rate of EGFR turn-
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over (Fig. 1, A and B; supplemental Fig. S1, A and B). Moreover,
loss of USP8 resulted in increased ubiquitination of the recep-
tor in the presence of EGF administered at the same concentra-
tion as above (Fig. 1C). Importantly, this effect on EGFR ubig-
uitination was observed early after stimulation (5 min) and,
therefore, reflects changes taking place before intracellular
sorting events.

EGER is known to traffic through an endocytic pathway reg-
ulated by Hrs, and USP8 loss-of-function phenotypes are simi-
lar to those observed for Hrs. To examine whether USP8 and
Hrs regulate EGER through a common pathway, the effects of
USP8 depletion on EGEFR stability and degradation were as-
sessed as a function of Hrs. As previously reported, knockdown
of Hrs alone (siHrs-1 (31) and siHrs-2 (38)) disrupted receptor
down-regulation compared with the control (Fig. 1D), whereas
loss of USP8 accelerated receptor turnover in response to
ligand treatment (Fig. 1, D and E). In addition, USP8 depletion
resulted in marked destabilization of EGFR in the absence of
acute stimulation with EGF (this phenotype became pro-
nounced with a more severe loss of USP8 protein compared
with a less stringent USP8 depletion, as in Fig. 1A, where
decrease in EGER levels at treatment time of 0 min was not
readily observed). Both effects of USP8 depletion on EGER sta-
bility were effectively counteracted by concomitant Hrs knock-
down (Fig. 1, D and E). In fact, siHrs- 1, which gave rise to only a
partial loss of Hrs protein, afforded a lesser rescue of siliSP8
compared with the more efficient siHrs-2 (Fig. 1D), indicating
that USP8 ablation induces a phenotype sensitive to the cellular
concentration of Hrs. Collectively, these results demonstrate a
critical role for USP8 in mitigating EGFR degradation via an
Hrs-dependent pathway, suggesting a functional relationship
between USP8 and Hrs in EGFR trafficking.

Central Region of USP8 Regulates EGFR Ubiquitination—
USP8 is known to deubiquitinate EGFR in response to ligand
stimulation; however, the molecular determinants required for
this function have not been described. Similar to a previous
report (27), inactivation of USP8 through either a point muta-
tion in the catalytic cysteine residue (C748A) or a truncation of
the entire catalytic domain (AC, Fig. 2A4) resulted in acute hype-
rubiquitination of EGFR (Fig. 2, B and C), whereas overexpres-
sion of wild type enzyme led to diminished receptor ubiquiti-
nation (Ref. 27 and Fig. 2C (representative data are shown in
Fig. 6A)). Overexpression of two N-terminal fragments of USP8
containing either the MIT domain alone (MIT) or in combina-
tion with the Rhodanese-like domain (MIT-Rhod) was insuffi-
cient to elicit a full-fledged USP8 loss-of-function phenotype
(Fig. 2, B and C), indicating that the central region of the mol-
ecule is required for this function.

Because EGFR ubiquitination status dictates receptor traf-
ficking, USP8 inactivation was expected to enhance localization
of EGER to ubiquitin-rich endosomes. Indeed, overexpression
of USP8 catalytic mutant, AC, produced a 2.5-fold increase in
co-localization of EGEFR, internalized in response to ligand
treatment, with HA-ubiquitin (Fig. 2, D and E). Similar results
were also observed in cells expressing USP8-C748A (data not
shown). As in the case of EGFR hyperubiquitination, enhanced
receptor localization to ubiquitinated endosomes was abro-
gated upon deletion of the central region of USP8 (Fig. 2, D and
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FIGURE 1. USP8 depletion accelerates ligand-mediated EGFR degradation through an Hrs-dependent
pathway. A and B, USP8 knockdown induces accelerated EGFR turnover in response to EGF. Hela cells trans-
fected with either control siRNA (siControl) or siRNA targeting human USP8 (siUSP8) were serum-starved and
treated in the presence of 2.5 ng/ml EGF for the specified length of time. Western blot analysis of total cellular
EGFR observed throughout the treatment time course and efficiency of USP8 knockdown are shown.
B, shown is a graphic representation of EGFR degradation rates as a function of USP8 (see “Materials and
Methods” for details). C, USP8 depletion results in elevated ligand-induced ubiquitination of EGFR. Cells
co-transfected with HA-ubiquitin (HA-Ub) and either siControl or siUSP8 were serum-starved and treated
in the absence (—) or presence (+) of 2.5 ng/ml EGF for 5 min. EGFR was immunoprecipitated, and
ubiquitination was analyzed by Western blot against HA. D-F, USP8 modulates EGFR degradation through
an Hrs-dependent pathway. Cells transfected with siControl alone, co-transfected with siUSP8, siHrs, or a
combination of the two were serum-starved and treated in the absence (—) or presence (+) of 2.5 ng/ml
EGF for 1 h. D, shown is a Western blot analysis of endogenous proteins. Quantification of changes in EGFR
abundance (relative to siControl) (E) and down-regulation (expressed as % of total EGFR in untreated cells
(—)) (F) are shown. All quantification was performed on the basis of three independent experiments (n =
3), with error bars corresponding to S.D.

E). This region has been reported to contain STAM binding
determinants (20, 21), and EGFR was found to traffic largely on
STAM-positive endosomes during the timeframe consistent
with USP8-dependent changes observed in both receptor ubiq-
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uitination and co-localization with
endosomal ubiquitin (supplemental
Fig. S2A). Moreover, overexpression
of wild type STAM1/2 proteins pro-
duced a 50% increase in EGFR ubig-
uitination relative to vector control,
whereas mutations in their respec-
tive SH3 domains abrogated the
receptor phenotype (supplemental
Fig. S2, Band C). These results indi-
cate that the SH3 domains of STAM
proteins modulate the ubiquitina-
tion status of EGFR, possibly
through the recruitment of a critical
deubiquitinating enzyme, such as
USPs.

USP8 Contains Three Low Affin-
ity RXXK Motifs That Facilitate the
Interaction with Atypical SH3 Do-
mains—We and others have previ-
ously reported a subfamily of SH3
domains that bind to atypical pep-
tide ligands centered around a con-
sensus RXXK peptide motif (19-21,
43-46). Belonging to this domain
group are the C-terminal SH3
domains of the Grb2 family of adap-
tor proteins (Grb2, Gads, and Grap)
as well as STAM1 and STAM2. Two
consensus RXXK motifs had previ-
ously been identified in USP8 and
shown to interact with the STAM?2
SH3 domain (19-21). To identify
any additional linear peptide epi-
topes in USP8 capable of supporting
interactions with the RXXK-binding
subfamily of SH3 domains in an
unbiased manner, a SPOTSs peptide
array scan of the human USP8 pro-
tein sequence was probed with the
C-terminal SH3 domain of adaptor
protein Gads (GST-Gads-SH3C)
(supplemental Fig. S3A4). Gads SH3
was chosen on the basis of its doc-
umented high affinity for other
known RXXK peptides (19, 43). As
expected, binding of the GST-Gads-
SH3C to peptides containing two
previously identified RXXK motifs
of USP8 was observed (supplemen-
tal Fig. S3A, peptides 1, 2, 5, and 6).
Two additional peptides (supple-
mental Fig. S3A, peptides 3 and 4)
were found to interact with the SH3

domain of Gads. Peptide 4 (PVEGKRCPTSEA) was found to
exhibit nonspecific binding to GST alone due to the presence of
a highly reactive cysteine residue (data not shown). Peptide 3
(SDRSTKPVFPSP) was noted to contain a partial consensus
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RXXK motif. The RXXK motif embedded in peptide 3 lacks the
consensus N-terminal proline residue, the loss of which results
in a partial loss of SH3 domain binding affinity (19) and is tol-
erated in the truncation of a previously described USP8 RXXK
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motif, corresponding to peptide 1. Mutation of the critical argi-
nine to lysine abolished binding of GST-Gads-SH3C in each of
the three RXXK peptides of USP8 (supplemental Fig. S3A, pep-
tides 7—12), indicating that in each case the binding is depen-

EGFR

Co-localization

Vector USP8

AC MIT-Rhod MIT
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FIGURE 3. USP8 contains three RXXK motifs that constitute low affinity binding partners for non-canonical
SH3 domains. A, ClustalW2 alignment of mouse and human USP8 protein sequences encompassing the three RXXK An alignment of the three RXXK
motifs of USP8 is shown. B, shovs{n are SH.B.doma.ins.of adaptor proteins exhibit low affinities for the RXXK pept[des motifs of USP8 from the mouse and
of USP8. Fluorescence polarization in millipolarization units (mP) was measured for fluorescein-tagged peptides . L .
corresponding to SIp76 (FI-APSIDRSTKPA) and USP8-1 (FI-KNVPQVDRTKKPA), USP8-2 (FI-SGKVLSDRSTKPV), and human proteins indicates a high
USP8-3 (FI-TVTPMVNRENKPT) as a function of GST-SH3 (measurements taken using Beakon 2000; data were plotted  level of conservation (Fig. 3A). The
in DeltaGraph 5.7.5). C, shown is a graphic representation of equilibrium dissociation constants (K,,) obtained using e
fluorescence polarization (see “Materials and Methods”). The corresponding numerical values can be found in sup- second RXXK motlf in USP8 (RZ)
plemental Fig. S3C. D, The USP8-STAM complex co-immunoprecipitates in a manner dependent upon the interac- ~ lacks consensus residues N-termi-
tion between the RXXK motifs of USP8 and the SH3 domain of STAM. Lysates from cells co-transfected with wildtype  pa] to Asp located at —1 relative to
USP8 (WT) or the triple RXXK mutant (R3K) and FLAG-STAM1 or its SH3 domain mutant, FLAG-STAM1-WA, were h d .. in both
immunoprecipitated with anti-FLAG antibody, and samples were analyzed by Western blot against exogenous ~ L€ conserved arginine in bot
USP8 (USP8¥). All error bars correspond to S.D. species but maintains the core re-

gion corresponding to DRXXKP that
dent on this conserved motif. Arrayed next to each other (sup- ~ contains the majority of the SH3 domain-contacting residues
plemental Fig. S34, peptides 7-9), all three peptides from USP8 ~ (43). To examine affinities of the USP8 RXXK peptides, the
appear to support binding to the Gads SH3 domain. equilibrium dissociation constants were measured between

FIGURE 2. The central region of USP8 is required to regulate EGFR ubiquitination. A, domain organization and mutational analysis of USP8 is shown. Boundaries
of individual domains and residues critical for domain function are indicated using amino acid numbering of murine USP8 (GenBank™ accession no. BC050947). DUF,
Domain of Unknown Function 1873; USP, ubiquitin-specific protease domain with catalytic Cys 748. Truncation mutants of USP8 with amino acid boundaries are
designated in parentheses: AC, catalytic domain truncation (amino acid residues 1-735); MIT (amino acid residues 1-184); MIT-Rhod (amino acid residues 1-319). All
USP8 mutants were constructed on the basis of available structural data (20, 33). B, catalytic inactivation of USP8 leads to EGFR hyperubiquitination in a manner
dependent upon the central region of the enzyme. Cells co-transfected with HA-ubiquitin and vector control or USP8 mutants as indicated were serum-starved and
treated in the absence (—) or presence (+) of 10 ng/ml EGF for 10 min. EGFR ubiquitination was assayed as in Fig. 1C and quantified relative to EGF-treated vector
control samples; n = 3 (C). D, catalytically inactive USP8 results in enhanced localization of EGFR to intracellular ubiquitin and requires the central region of USP8. Cells
were transfected as indicated, serum-starved, and treated with EGF as above. After treatment, cells were fixed and immunostained against HA-ubiquitin (green) and
EGFR (red). Representative images are shown with 9 inset magnification; the scale bar corresponds to 10 um. E, localization of EGFR to HA-ubiquitin was calculated
as described under “Materials and Methods” and is represented as a fraction of EGFR overlapping HA-ubiquitin relative to total cellular EGFR; n = 2. All error bars
correspond to S.D.
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synthetic peptides corresponding to each RXXK motif and the
SH3 domains of Gads, Grb2, STAM]I, and STAM2 by fluores-
cence polarization (Fig. 3, Band C, and supplemental Fig. S3C).
Individually, each of the three RXXK motifs of USP8 was found
to exhibit lower affinities for the RXXK subclass of SH3
domains than any of the previously measured interactions with
single RXXK motifs in Slp76, Blnk, Gab1, or Gab2 (19). USP8
motifs R1 and R3 exhibit greater affinity for each SH3 domain
than does R2, although peptides corresponding to each of the
three sites bound with measurable affinity, suggesting that each
one may contribute to binding in the context of the USP8
protein. The mutation of all three RXXK motifs in USP8 or a
single mutation in the SH3 domain of STAMI abrogated
binding between the full-length proteins (Fig. 3D), under-
scoring the requirement for the RXXK/SH3 interaction to
support direct complex formation.

Although the complex between the RXXK motifs of USP8
and the SH3 domains of STAM has previously been speculated
to promote USP8 function on endosomes, no experimental evi-
dence to that end has been produced. To characterize the
RXXK-mediated complex formation in cells, BiFC microscopy
was employed. BiFC takes advantage of a GFP variant, VFP,
separated into N- and C-terminal fragments (VN and VC,
respectively) that are fused to epitope-tagged proteins of inter-
est. When co-expressed in cells, upon direct contact the VN-
and VC- fused proteins form an irreversible fluorescent VFP
complex visualized by standard microscopic techniques (Fig.
4A). In the USP8 assay, USP8 was fused to the VN fragment
(VN-FLAG-USP8), and SH3 domain-containing adaptor
proteins were incorporated into the VC construct (VC-HA-
STAM2, -STAM], or -Grb2, Fig. 4B). Cells co-transfected with
wild type USP8 and STAM1 showed punctate fluorescence that
immunostained positive for both FLAG and HA tags, confirm-
inglocalization of individual proteins to the VFP signal (Fig. 4C,
panel 1). BiFC of the USP8:STAM1 complex exhibited depen-
dence on the SH3 domain of STAM], as illustrated by the lack
of bright VFP puncta in cells expressing the mutant VC-
STAMI1-WA (Fig. 4C, panel 2). Consistent with significantly
lower affinity of the Grb2 SH3 domain for the USP8 RXXK
peptides (Fig. 3, Band C), no VEP-positive complex appeared to
form between USP8 and Grb2 on the incubation time scale
sufficient to observe the USP8-STAM1 BiFC (Fig. 4C, panel 3),
suggesting that Grb2 does not constitute a primary binding
partner for USP8.

As in the case of STAM1, USP8-STAM2 BiFC produced
robust VFP-positive puncta that were not observed with the
triple RXXK mutant of USP8 (Fig. 4C, panels 4 and 5), confirm-
ing that the complex forms in a manner requiring the RXXK/
SH3 interaction. Furthermore, the ability of the catalytic
domain truncation mutant of USP8, VN-FLAG-AC, to readily
participate in the BiFC complex with STAM2 (Fig. 4C, panel 6)
indicated that VFP fluorescence is not observed due to a
nonspecific interaction between the ubiquitin-specific pep-
tidase (USP) domain of USP8 and ubiquitinated STAM on
endosomes.

USP8-STAM Complex Localizes to the ESCRT-0 and Modu-
lates Ubiquitin Dynamics on EGFR-positive Endosomes—To
characterize the subcellular localization of the USP8-STAM
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FIGURE 4. Complex formation between USP8 and the SH3 domains of
STAM proteins in their cellular context requires the RXXK/SH3 interac-
tion. A, shown is a schematic representation of the BiFC assay. In this assay
USP8 was fused to the N-terminal and SH3-containing adaptor proteins to the
C-terminal fragments of VFP. VFP fluorescence was observed upon direct
interaction between individually non-fluorescent VN and VC fusion proteins
co-expressed in live cells. B, shown is BiFC fusion protein expression as ana-
lyzed by Western blot against VN-FLAG and VC-HA. C, complex formation
between USP8 and STAM1/2 proteins requires the SH3 domain of STAM as
well as the RXXK motifs of USP8 but not its catalytic domain (numbering of
samples corresponds to the order of lanes in B). Cells were transfected with
VN-FLAG-USP8 or its triple RXXK mutant, —R3K, in combination with either
VC-VN-HA-STAM1, SH3 domain mutant -STAM1-WA (as shown in Fig. 3D, this
mutant fails to interact with USP8), -GRB2, or -STAM2. After incubation ade-
quate for visualization of BiFC complexes by VFP fluorescence (green), cells
were fixed and immunostained against FLAG (red) and HA (blue). All images
were taken under the same magnification, with the scale bar corresponding
to 10 um.

complex, we examined overlap of its BiFC with relevant endo-
somal markers. Consistent with previously established localiza-
tion and function of these proteins individually at the early-to-
intermediate endosome, the USP8:STAM2 VFP extensively
colocalized with endogenous ESCRT-0 components, STAM1
and Hrs (Fig. 5, A, B, and D) but did not exhibit appreciable
colocalization with a late MVB marker, CD63 (Fig. 5, C and D).
As localization of overexpressed proteins does not necessitate
functional relevance, we assessed the contribution of the RXXK
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endogenous ESCRT-0 proteins, STAM1 (A) and Hrs (B), but not a late MVB marker, CD63 (C). Cells were co-
transfected with VN-FLAG-USP8 and VC-HA-STAM?2, fixed, and immunostained as indicated. D, quantification
of colocalization between USP8-STAM BiFC and STAM1, Hrs, or CD63 is represented as a fraction of VFP fluo-
rescence overlapping the indicated endosomal proteins; n = 3. E, overexpression of a catalytically inactive
USP8 results in hyperubiquitination of the endogenous STAM-Hrs complex in a manner dependent upon the
RXXK motifs. Cells were co-transfected with HA-ubiquitin (HA-Ub) and vector control or catalytically inactive
USP8 containing eitherintact (AC) or mutated (AC-R3K) RXXK motifs. Endogenous ESCRT-0 complex wasimmu-
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blot against HA. F, the USP8-STAM complex regulates ubiquitin dynamics on EGFR-positive endosomes. Cells
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standard growth conditions to allow development of VFP fluorescence (green), briefly serum-starved, and
treated in the presence of 10 ng/ml EGF for 30 min. After treatment, cells were fixed and immunostained
against EGFR (red) and Myc (blue). Similar results were obtained with an EGF stimulation of 10 min (data not
shown). All images are shown with 9X inset magnification and scale bars corresponding to 10 um. G, co-

localization of USP8-STAM BiFC and EGFR with Myc-ubiquitin is enhanced upon catalytic inactivation of USP8.
Quantification of data is shown in F; n = 2. All error bars correspond to S.D.
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motifs to the regulation of ESCRT-
0 ubiquitination status by USP8.
Hyperubiquitination of the STAM1-
Hrs complex was observed in the
presence of catalytically inactive AC
compared with vector control (Fig.
5E) and wild type USP8 (supple-
mental Fig. S4A). Strikingly, the
ubiquitination status of these pro-
teins was largely unaffected in cells
expressing the inactive triple RXXK
mutant of USP8, AC-R3K (Fig. 5E).
By contrast to STAM]1, ubiquitina-
tion of Grb2 was not affected by
USP8 loss-of-function  (supple-
mental Fig. S4B). Thus, consistent
with the BiFC data, these results
functionally substantiate the notion
that the RXXK motifs specify inter-
action(s) critical for USP8 function
associated with ESCRT-0.

Results presented in Fig. 2 suggest
a role for the USP8-:STAM complex
in trafficking of EGFR into ubig-
uitin-rich endosomal sub-compart-
ments. Using USP8-STAM2 BiFC,
colocalization of EGFR with ubig-
uitin was assessed as a function
of USP8 catalytic activity. In cells
expressing wild type USP8, neither
the VFP-positive complexes nor
EGFR, internalized in the presence
of EGF, appreciably overlapped
with Myc-ubiquitin (Fig. 5, F and
G). Conversely, the catalytically
inactive AC/STAM2 VFP exhib-
ited broad colocalization with ubiq-
uitin-positive endosomes popu-
lated by EGFR (Fig. 5, F and G),
supporting a role for the interac-
tion between USP8 and STAM in
EGER trafficking.

The RXXK Motifs Are Critical for
Deubiquitination and Trafficking of
EGFR by USP8—The ubiquitination
studies described in Fig. 2 and sup-
plemental Fig. S2 imply that USP8
may deubiquitinate activated EGFR
when in complex with STAM. To
address this hypothesis, we exam-
ined the contribution of the RXXK
motifs to the overexpression phe-
notype of USP8. The ability of USP8
to reduce EGFR ubiquitination in
response to stimulation with EGF
(Fig. 6, A—C) was severely compro-
mised by mutations in the three
RXXK motifs (R3K). By contrast,
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deletion of the MIT domain (AMIT) did not impinge on USP8  those afforded by the MIT domain, to influence ligand-
activity in this regard (Fig. 6, A—C). These results demonstrate  induced ubiquitination of EGFR. Because receptor ubiquitina-
that USP8 employs RXXK-mediated interaction(s), but not tion status dictates its endocytic sorting, the above observations
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imply that the RXXK mutant of USP8 should also be deficient in
protecting EGFR against trafficking downstream of the ubiq-
uitination event. Specifically, in cells expressing CFP alone,
treatment with EGF initially (5 min) induced broad co-localiza-
tion of EGFR with constitutively internalized and recycled
transferrin receptor (7rfR) (Fig. 6, D and E). However, at 45 min
after stimulation, overlap between EGER and TrfR fell by more
than 50%, corresponding to progression of EGFR beyond TrfR-
positive endosomes (Fig. 6, D and E). By contrast, cells overex-
pressing wild type USP8-CFP maintained a high degree of
EGER to TrfR overlap at 45 min post-treatment with EGF,
whereas the RXXK mutations (R3K-CFP) abrogated this phe-
notype, with EGER exhibiting a localization profile similar to
that of the control (Fig. 6, D and E). Expression of USP8 was not
found to significantly alter the extent of EGFR localization to
TrfR-positive endosomes at the time point after receptor stim-
ulation, implying that the delay in receptor trafficking did not
occur before its encounter with the sorting endosome (data not
shown). As EGFR stabilization against lysosomal turnover
requires deubiquitination by USP8 (Figs. 1 and 6A) but TrfR is
not subject to USP8-medited regulation (supplemental Fig.
S1A), these findings reveal a critical role for the RXXK motifs in
controlling EGFR trafficking beyond the early-to-recycling
endosome circuit.

DISCUSSION

Reversible ubiquitination signals trafficking of endocytosed
cell-surface receptors (47) and thereby influences receptor fate.
Although research in this area has largely focused on the E3
enzymes, our understanding of the equally important DUBs
remains rather rudimentary. This is particularly evident in the
case of EGFR endocytosis, where the Cbl-family ubiquitin
ligases are known to account for the total cellular ubiquitina-
tion of EGFR, and their respective localization to activated
receptor complexes at specific trafficking stages have been
described (7). By contrast, despite the insights gleamed from
recent studies (24, 27, 32), the role of deubiquitination at these
critical waypoints in EGER trafficking remains unclear.

Deciphering the complexity of DUB biology in receptor
endocytosis necessitates an understanding of protein-protein
interactions that inform enzyme recruitment to various endo-
somal subcompartments and substrates contained therein.
Two ESCRT-associated DUBs, USP8 and AMSH, have been
implicated in the EGFR pathway with opposing consequences
for ligand-mediated receptor turnover. Unlike AMSH, which
does not directly regulate EGER (27) but functions to generally
promote cargo trafficking through the sorting endosome (48),
USP8 is required to deubiquitinate and, thus, protect EGFR
from lysosomal degradation (24, 27, 41). Although the associa-
tion of USP8 with the ESCRT machinery has been previously

USP8-STAM Complex Regulates EGFR

speculated to target the DUB to its EGFR substrate on endo-
somes, the ability of USP8 to influence receptor ubiquitination
and turnover by virtue of such interaction(s) has not been
described. To address the mechanisms underlying USP8 func-
tion in this context, the present study has characterized USP8
recruitment to the ESCRT-0 complex via the SH3 domain(s) of
STAM proteins and evaluated its implications for the deubiq-
uitination and trafficking of EGFR.

In agreement with published evidence, our loss-of-function
studies indicate a requirement for USP8 in EGEFR stabilization
(24, 27, 41) and demonstrate that accelerated receptor degra-
dation, resulting from USP8 depletion, proceeds through a
pathway controlled by Hrs (Fig. 1). Consistent with these find-
ings, ectopic expression of a catalytically inactive USP8 leads to
enhanced EGFR ubiquitination, which occurs in a manner
dependent upon the central region of USP8, harboring STAM
binding determinants (Fig. 2). Moreover, overexpression of a
“dominant negative” USP8 catalytic domain truncation mutant
elicits enhanced colocalization of internalized EGFR with ubiq-
uitin-rich endosomes, whereas the N-terminal MIT and Rhod
domains appear insufficient to produce this phenotype (Fig. 2).
The above effects of USP8 inactivation are observed nearly
immediately after stimulation with EGF (5-10 min), a time
when a substantial portion of the receptor travels on STAM-
positive endosomes (supplemental Fig. S2). Not surprisingly,
overexpression of STAM proteins under these conditions
results in elevated levels of EGFR ubiquitination, presumably
due to titration of cognate DUB activity away from the receptor
substrate (supplemental Fig. S2). As mutations in the SH3
domains of STAM1/2 abrogate the overexpression effect, these
results imply a role for the SH3 domains in recruitment of a
critical DUB to the ubiquitinated EGFR.

Ubiquitin-dependent trafficking of endocytosed EGFR pro-
ceeds in at least two phases, with each characterized by a dis-
crete ubiquitination event (7). During the early phase c-Cbl
ubiquitinates EGFR at the plasma membrane immediately after
activation by EGF to signal the initial receptor selection for the
MVB. Subsequently, Cbl-b ubiquitinates EGFR in the second
phase, required for the irrevocable commitment to degrada-
tion. Although it has been appreciated for some time that USP8
promotes EGFR deubiquitination, previous studies have not
addressed the temporal aspects of USP8 function in this con-
text. Our work demonstrates that hyperubiquitination of EGFR
in cells compromised for USP8 activity occurs quickly (5-10
min) after stimulation on a timescale adequate for receptor
internalization and possibly progression to the sorting endo-
some but not sufficient to allow late trafficking events to take
place (Ref. 49, Fig. 6, and data not shown). The two phases of
EGEFR ubiquitination are presumably coupled to the early or

FIGURE 6. The USP8-STAM complex regulates EGFR ubiquitination and trafficking. A, the RXXK motifs are essential for USP8-mediated deubiquitination of
EGFR, whereas the MIT domain does not contribute to this function. Cells co-transfected with HA-ubiquitin (HA-Ub) and vector, USP8, R3K, or AMIT (constructs
shown in B) were serum-starved and treated in the absence (—) or presence (+) of 10 ng/ml EGF for 10 min. EGFR ubiquitination was analyzed as in Fig. 2B.
G, shown is quantification of the data in A; n = 3. D, USP8 requires the RXXK motifs to modulate transit of EGFR through the transferrin receptor (TrfR)-positive
endosomes. Cells, transfected with CFP, USP8-CFP, or R3K-CFP were serum-starved, treated with 10 ng/ml EGF for 5 or 45 min, as indicated, fixed, and
immunostained against TrfR (green) and EGFR (red). CFP-positive cells are shown (CFP fluorescence not provided) with 9 inset magnification and scale bars
corresponding to 10 um. E, colocalization between EGFR and TrfR is expressed in the form of an overlap coefficient, r (see “Materials and Methods” for details);

n = 2. All error bars correspond to S.D.
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late sorting complexes, respectively, which are required to deci-
pher the ubiquitination signals and execute appropriate traf-
ficking tasks. As Hrs and STAM comprise the ESCRT-0 com-
pleximplicated in the early steps of receptor trafficking (18, 50),
our observations, therefore, imply that STAM-mediated
recruitment of USP8 for deubiquitination at this juncture may
curtail EGFR sorting into the late endosomal compartments.

Although both EGFR and STAM have formerly been identi-
fied as USP8 substrates, the molecular determinants responsi-
ble for targeting USP8 activity to these proteins in their cellular
context have not been elucidated. We and others have previ-
ously reported two motifs in USP8 that interact with atypical
SH3 domains of proteins belonging to the Grb2 and STAM
adaptor families (19, 45, 51). Although the classical SH3 do-
mains bind to proline-rich ligands that assume a polyproline
type II helix (52), this subfamily of SH3 domains interacts with
R-XXK ligands, which take on a characteristic 3, helical con-
formation (43). To assess whether USP8 contains additional
motifs capable of interacting with SH3 domains, we exhaus-
tively tested USP8 sequence determinants against a high affin-
ity SH3 domain of Gads (Fig. 3, supplemental Fig. S3). In the
course of these studies, we identified a novel partial consen-
sus RXXK site in USP8 and determined that all three USP8
motifs constitute low affinity SH3 binding partners, with
equilibrium dissociation constants in the uM to 10s of um
range (Fig. 3). The biochemical characterization of these
interactions is consistent with transient association between
USP8 and relevant proteins iz vivo, well suited to support
recruitment of USP8 to a dynamic cellular compartment,
such as the endocytic pathway.

If the RXXK motifs of USP8 are necessary and sufficient to
specify a direct interaction with SH3 domains in vitro, do they
similarly inform USP8 localization and function in the cell? Due
to the broad cellular distribution of USP8 (25, 27, 32, 34, 35),
ascribing loss of a specific protein-protein interaction has pre-
viously proven elusive. Earlier attempts employing conven-
tional fluorescence microscopy revealed no discernable contri-
bution from the regions containing these motifs to the enzyme
endosomal localization profile (27). Similarly, no phenotypic
outcomes for disrupting the USP8:STAM interaction in endo-
cytosis have been identified. Nevertheless, strict conservation
of all three RXXK motifs between mouse and human USP8
proteins (Fig. 3) implies functional relevance for their interac-
tions in vivo. The present study applied a 2-fold approach to
examining the role of RXXK-mediated USP8 recruitment in the
regulation of ubiquitination and trafficking of EGFR. First,
BiFC microscopy was employed (39) to distinguish mere co-
localization of USP8 and STAM on endosomes from the forma-
tion of a bona fide USP8-STAM complex. Second, the effects of
disrupting the RXXK motifs on deubiquitination of relevant
USP8 substrates were assessed. Using split VFP fluorophore
protein fusions, we found the fluorescent BiFC complex to be
readily reconstituted in an RXXK- and SH3 domain-dependent
manner between USP8 and either STAM1 or STAM2, whereas
BiFC between USP8 and Grb2 was not observed (Fig. 4). Con-
sistent with these observations, RXXK-mediated localization of
USP8 to ESCRT-0-positive endosomes was found to modulate
the ubiquitination status of the Hrs/STAM complex (Figs. 4
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and 5). Conversely, ubiquitination of Grb2 was not affected by
USP8, revealing specificity of USP8 toward the SH3 domains of
STAM proteins.

Although it has previously been speculated that STAM-
mediated recruitment of USP8 to the sorting endosome may
constitute an important regulatory mechanism in EGFR traf-
ficking (21, 29), no direct experimental evidence in support
of this model has been produced (27). As visualized with
BiFC, EGFR internalized in response to EGF stimulation
encounters the USP8-:STAM complex and, in the presence of a
catalytically inactive USP8, overlaps with subcellular regions of
high ubiquitin content (Fig. 5). These observations illustrate a
functional relationship between the deubiquitinating activity of
USP8 and ligand-mediated trafficking of EGFR through the
ESCRT-0 checkpoint. Collectively, USP8 loss-of-function stud-
ies presented herein imply that forming a complex with STAM
is required for effective receptor deubiquitination by USP8.
Indeed, overexpression experiments demonstrate EGFR deu-
biquitination to be fully contingent upon the three RXXK
motifs of USP8 (Fig. 6). By contrast, deletion of the MIT domain
does not impinge upon the efficacy of USP8 function in this
respect. As the MIT domain reportedly interacts with the
ESCRT-III proteins (32), it likely constitutes a late endosomal
localization determinant irrelevant to the early phase of EGFR
trafficking directly controlled by USP8.

Because EGFR ubiquitination status dictates partitioning
of endocytosed receptors between recycling and degrada-
tion, these findings, therefore, implicate the RXXK motifs in
receptor trafficking downstream of the targeting ubiquitina-
tion event. Specifically, if deubiquitination protects against
Hrs-dependent trafficking of EGER for proteolysis, increase in
the cellular concentration of USP8 should prevent (or delay)
receptor sorting away from the early-to-recycling endosome
pathway. This model is supported by the observations demon-
strating that USP8 overexpression attenuates progression of
EGFR away from transferrin receptor-positive endosomes,
whereas disruption of the USP8-:STAM complex through muta-
tions in the RXXK motifs is sufficient to abrogate the trafficking
delay (Fig. 6). Taken together, these findings demonstrate that
USP8 and the ESCRT-0 machinery constitute a key regulatory
mechanism for the determination of EGFR fate after endocyto-
sis and in doing so link reversible ubiquitination to the spatio-
temporal regulation of receptor trafficking.
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